Introduction {#sec1}
============

The spatial organization of enzymes on nanoscale scaffolds is a fundamental principle of nature,^[@ref1],[@ref2]^ and of bioengineering strategies inspired by it,^[@ref3]−[@ref6]^ to enhance the efficiency of catalytic reaction networks via proximity effects. A unique scaffold-assisted supramolecular assembly of enzymes is presented by the plant cell wall degrading apparatus of select anaerobic bacteria termed "the cellulosome". The cellulosome is a megadalton-size protein complex built from multiple enzymatic subunits anchored on a noncatalytic scaffold protein, as illustrated in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}.^[@ref7]−[@ref9]^

![The cellulosome nanomachine for cellulose degradation. Supramolecular assembly of the cellulosome complex involves interaction from dockerin modules in the different catalytic entities with cohesin modules in a noncatalytic scaffolding protein. A prototypical scaffoldin from the cellulose-degrading bacterium *Clostridium thermocellum* has 9 cohesin modules. Carbohydrate binding modules promote binding to substrate. The cellulosome is tethered noncovalently to the bacterial cell surface (indicated in brown) via additional dockerin-cohesin interactions.](oc0c00050_0001){#fig1}

Cellulosomal enzyme systems comprise a consortium of activities, mainly glycoside hydrolases, required for the complete depolymerization of the major polysaccharides in plant biomass, cellulose, and hemicellulose.^[@ref9],[@ref10]^ The different enzymes exhibit biochemical synergy in attacking the complex composite structures present in lignocellulosic substrates undergoing degradation.^[@ref11]^ Enzyme synergy likely benefits from proximity effects.^[@ref7]−[@ref9],[@ref12]^ However, in order to respond to changing requirements on enzyme synergy due to spatiotemporal variations in substrate morphology and chemical composition, the cellulosome must be able to flexibly adjust its supramolecular structure to allow for a dynamic use of proximity. Conformational plasticity, revealed in experiment^[@ref9]−[@ref15]^ and by modeling,^[@ref15],[@ref16]^ therefore, is fundamental to the cellulosome's mode of action. The cellulosome represents the paradigm for the deconstruction of a recalcitrant solid biomaterial by an enzymatic nanomachine. Besides its broad biological importance, the cellulosome also has considerable industrial significance. It shows particular efficiency in the degradation of cellulosic substrates^[@ref10],[@ref17],[@ref18]^ and so could play a central role in the development of advanced biorefinery and nanobiotechnology applications.^[@ref5],[@ref19],[@ref20]^

Use of a molecular dissection-and-reconstruction approach allowed for a structural characterization of the various isolated modules associated with the cellulosome and enabled an investigation of the assembly and the function of multimodular cellulosomal fragments (reviewed in refs ([@ref7]−[@ref9])). The intercohesin linker regions in these fragments were shown to have high structural flexibility^[@ref13],[@ref21],[@ref22]^ and nanomechanical stability.^[@ref23]^ A "molecular spring" function of the linkers was proposed,^[@ref13]^ entailing an ability to dynamically adjust the linker length according to topological requirements of the substrate.^[@ref24]^ Despite these insights into higher-order architecture and conformational adaptability of the cellulosome, evidence on the dynamic properties of the complete nanomachine particularly with regard to solid substrate deconstruction is not available. Early work by electron microscopy revealed basic characteristics of the cellulosome's ultrastructure^[@ref25],[@ref26]^ but essentially lacked in ability to capture protein conformational dynamics under native-like conditions of action and in real time.

Here, we analyze the interaction of individual *C. thermocellum* cellulosomes with crystalline cellulose in detail, applying fast time-lapse AFM with lateral and temporal resolutions suitable for tracking single protein complexes on the cellulose surface. Besides visualizing the ultrastructural dynamics of the cellulosomes in a liquid environment at the minute time scale, we were also able to study effects on substrate deconstruction. We observe fundamental differences in the way nanocrystalline cellulose is degraded by the cellulosomes as compared with degradation of the same substrate by cellulases that do not assemble into protein complexes and act as an ensemble of free enzymes. The paradigmatic "slide-and-peel" mode of removing layers of surface material by the noncomplexed cellulases^[@ref17],[@ref27]−[@ref29]^ is contrasted with an alternative "sit-and-dig" mode of crystalline surface degradation by the cellulosomes. Our results provide mechanistic interpretation for the previously observed cooperativity between the cellulosome and cellulases^[@ref17],[@ref18]^ in releasing soluble sugars from cellulosic substrates.

Results and Discussion {#sec2}
======================

Single-Molecule Characterization of Surface-Bound Cellulosomes with Atomic Force Microscopy {#sec2.1}
-------------------------------------------------------------------------------------------

We used cellulosomes purified from the culture supernatant of *C. thermocellum* grown on microcrystalline cellulose.^[@ref17],[@ref30]^ We chose the *C. thermocellum* cellulosome because it represents the prototype for this class of biological nanomachines.^[@ref7]−[@ref9]^ The cellulosomes produced under these conditions, on average, are fully formed regarding their subunit composition and incorporate a complete set of cellulose-degrading enzyme activities.^[@ref10],[@ref31]^ Thus, they are well suited for the proposed AFM study of crystalline cellulose degradation. The *C. thermocellum* cellulosome is usually anchored in the bacterial cell wall. However, a significant portion of it is released to supernatant from which it can be recovered conveniently.^[@ref17],[@ref32]^ We therefore did not consider other cellulosome systems, less well characterized than the one from *C. thermocellum*, that may originally lack the attachment to the cell wall.^[@ref7],[@ref8]^ We initially analyzed the cellulosomes in the absence of cellulose substrate. For that, we took advantage of their adsorption onto the wafer used as support for the AFM measurements. We recorded AFM data of the adsorbed cellulosomes (∼50 single molecules, ∼480 subunits) in the dried state. We show in [Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00050/suppl_file/oc0c00050_si_004.pdf) that individual cellulosomes could be made out definitely on the wafer surface. The ultrastructure of these cellulosomes was well resolved into a set of roughly spherical particles of similar size (10--20 nm in diameter; [Figure S1A,B](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00050/suppl_file/oc0c00050_si_004.pdf)). We applied a height cutoff of ∼1 nm to the identification of the spherical particles. Each particle likely represents an individual subunit of the cellulosome.^[@ref7]−[@ref9],[@ref33]^ We calculated that the surface area covered by an individual cellulosome approximates around 1500 nm^2^. A similar area/cellulosome can be calculated from electron microscopy images of an earlier publication.^[@ref34]^ We show that the number of subunits/single cellulosome was centered at around 9 ([Figure S1C](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00050/suppl_file/oc0c00050_si_004.pdf)), as anticipated for the fully formed protein complex ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}). The experimental distribution of subunits/single cellulosome ([Figure S1D](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00050/suppl_file/oc0c00050_si_004.pdf)) is attributed to (i) a natural or preparation-dependent variation in the loading of catalytic subunits on the scaffold protein or (ii) a variable amount of noncatalytic modules present in the individual cellulosomes as-isolated.^[@ref35]^ Single cellulosomes adsorbed on the wafer surface adopted various, apparently irregular shapes ([Figure S1A,B](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00050/suppl_file/oc0c00050_si_004.pdf)). Internal compactness due to extensive intersubunit packing was however a prominent feature shared by the majority of them.

Based on the evidence from the dried-state characterization of the cellulosomes, we moved to AFM analysis in liquid environment. Interactions between the sample and the AFM probe are dominated by different forces in liquid as compared with the dried state.^[@ref36]^ A special measurement setup was therefore required. Using a temperature-controlled AFM liquid cell equipped with a laboratory-built liquid injection unit,^[@ref29]^ we were able, after extensive method development and optimization, to obtain high-quality image sequences of individual cellulosomes at 50 °C. Our choice of reaction conditions reflects compromise between optimum activity of the cellulosomes (∼60--65 °C,^[@ref11],[@ref17]^) and practical challenge of AFM measurements at thus elevated temperature. Other researchers have used 55 °C^[@ref17]^ or even lower temperatures^[@ref32]^ to study the *C. thermocellum* cellulosome. We discovered after preliminary experiments that hydrophobic modification of the AFM probe with octadecyltrichlorosilane significantly improved image quality at elevated temperature (see [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00050/suppl_file/oc0c00050_si_004.pdf) "Modification of AFM tips" for details), thus enabling single-molecule study of the cellulosome during its attack on cellulosic substrate for the first time ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}). However, despite all measures and precautions taken, about 20% of the frames recorded showed cellulosomes that were apparently distorted and did not have exactly defined borders. Problems with stable imaging of the cellulosome likely have their origin in the high conformational flexibility of the cellulosome itself,^[@ref14]^ a difficult complication encountered in the AFM analysis of other biomolecules,^[@ref37],[@ref38]^ as well as in the challenging AFM measurements at elevated temperature.^[@ref38]^ However, it is important to emphasize that for a cellulosome to appear distorted must not be equated with it being damaged or destroyed. Careful control experiments revealed clear distinction between damaged or mechanically unfolded cellulosomes and temporary imaging artifacts ([Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00050/suppl_file/oc0c00050_si_004.pdf)). On the basis of these results, a range of parameters of the AFM experiment could be established that largely exclude damage to the cellulosomes in consequence of measurement (see [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00050/suppl_file/oc0c00050_si_004.pdf) "Identification of cellulosomes during time-lapse AFM experiments" for details). Using height information combined with phase information from the AFM measurements, single cellulosomes were unambiguously identified on the cellulose surface ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}A; see [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00050/suppl_file/oc0c00050_si_004.pdf) "Identification of cellulosomes during time-lapse AFM experiments"). To monitor the enzymatic process by AFM, we used cellulose nanocrystals adsorbed on the wafer surface as the substrate. The cellulose nanocrystals used represent the highly crystalline material of the natural cellulose allomorph Iβ.^[@ref29]^ The small size of these cellulose nanocrystals and relatively simple morphology render the cellulose nanocrystals particularly suitable for the study of crystalline cellulose degradation by the cellulosome. Intrinsic characteristics of the deconstruction process, unmasked from the convoluted effect of protein size on substrate accessibility in larger microcrystalline cellulose particles^[@ref17],[@ref39],[@ref40]^ or lignocellulosic fibers,^[@ref32]^ are thus revealed. We considered that as a side product of their preparation, the nanocrystals exhibit sulfate half-ester groups on their surface. The sulfate groups can affect the enzyme interaction with cellulose and may lead to a slowed rate of the hydrolysis when present in large abundance.^[@ref41]^ We were careful, therefore, to obtain cellulose nanocrystals with only a small sulfate substitution degree on the surface (see [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00050/suppl_file/oc0c00050_si_004.pdf) "Characterization of cellulose nanocrystals"). Additionally, as shown later in more detail, we confirmed activity of the cellulosome toward releasing soluble sugars from the cellulose nanocrystals used.

![Single-molecule visualization of the cellulosome interacting with crystalline cellulose under native-like reaction conditions. (A) Time-lapse AFM observation at 50 °C of a single cellulosome (outlined in green) adsorbing to a cellulose nanocrystal. Image acquisition rate was 0.5 min^--1^, and identification of cellulosomes was supported by material-property-sensitive phase information. (B,C) Cellulosomes adsorbed to the ends of cellulose nanocrystals (B) adopt bent (sickle-like) and compact shapes while those adsorbed on the top surface of crystals (C) adopt elongated (filamentous) shapes. (D) Individual cellulosomes (*N* = 60) were tracked and the ratios of the inscribed and circumscribed circles were calculated to give the "degree of deflection" (DoD). Values of DoD approaching unity indicate a circular shape while larger DoD values indicate a more elongated appearance. All AFM experiments were conducted at 50 °C with a resolution of ≤2 nm/pix. Scale bars are 50 nm.](oc0c00050_0002){#fig2}

AFM Study of the Cellulosome on the Cellulose Surface {#sec2.2}
-----------------------------------------------------

Analyzing 60 cellulosomes individually (a selection thereof is shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}A--D), we identify their specific binding to distinct surface regions of the cellulose nanocrystals used. Surface regions featuring bulk defects (also referred to as "crystal-internal" defect sites) like cracks or voids were frequently used for binding ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}A, indicated by arrows). However, most of the cellulosomes (∼80%) were located at the small crystal ends ("tips"), as shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}B. Preferred localization to the crystal tips might be explained by substrate binding recognition of the predominant catalytic subunits of the cellulosome. The cellulosome from cellulose-grown culture of *C. thermocellum* comprises the cellobiohydrolase Cel48S as a major catalytic subunit.^[@ref17],[@ref31]^ Cel48S is a main factor of the cellulosome's overall hydrolytic efficiency on crystalline cellulose,^[@ref42]^ and its activity is directed toward the reducing chain ends.^[@ref17]^ Just like crystal-internal defect sites, crystal tips are expected to expose a large amount of chain ends that can serve as sites for enzyme binding and attack.

The cellulosomes were occasionally located at the top surface of cellulose nanocrystals ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}C; right panel). Typically, these cellulosomes were elongated in shape, thus covering most of the cellulose surface area available for their binding ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}C; right panel). Binding solely at a nanocrystal's side wall for a noticeable period of time (≥1 min) was not observed. Clear distinction is thus drawn between the cellulosome and noncomplexed cellulases as regards their binding recognition of crystalline cellulose surfaces. In noncomplexed cellulases, crystalline cellulose degradation is primarily due to the activity of chain-end cleaving cellobiohydrolases.^[@ref28]^ We have shown in recent work^[@ref29]^ that, on cellulose nanocrystals exactly comparable to the ones used here, the prototypical cellobiohydrolase Cel7A from *Trichoderma reesei* (*Tr*Cel7A) binds preferably to the crystals' side-wall surfaces. *Tr*Cel7A slides along these surfaces in one direction while performing its processive depolymerization activity on cellulose chains.^[@ref29]^

Tracking the Shapes of Individual Cellulosomes on the Cellulose Surface {#sec2.3}
-----------------------------------------------------------------------

Contrary to the rather compact shapes of the cellulosomes adsorbed on the surface of the wafers used for AFM observations ([Figure S2A and S3](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00050/suppl_file/oc0c00050_si_004.pdf)), the cellulosomes bound on cellulose assumed strongly elongated, often filamentous shapes ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}A,C). A switch in cellulosome shape, from compact to filamentous ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}A and [2](#fig2){ref-type="fig"}C), was demonstrated in time-lapse measurements, tracking individual cellulosomes bound on graphite in their approach on a nearby cellulose nanocrystal ([Movie S1](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00050/suppl_file/oc0c00050_si_001.avi)). The exact shape of the cellulose-bound cellulosomes was determined by the topology of the cellulose surface occupied by them. Cellulosomes bound at the small ends of cellulose nanocrystals adopted bent, sickle-like forms ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}B, left panel), thus optimizing the exploitable contact area on the substrate end. Cellulosomes bound elsewhere in the nanocrystals assumed a variety of forms, as shown exemplarily in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}A--C, apparently in an effort to maximize their contact with the locally accessible substrate material. [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}D shows distribution analysis for the different cellulosome shapes detected in the single-molecule experiments on cellulose nanocrystals. The results confirm the presence of elongated cellulosomes (DoD ≥ 3), which are noticeably absent on the plain surface of the wafer (see [Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00050/suppl_file/oc0c00050_si_004.pdf)).

Once attached to cellulose, the cellulosomes remained bound locally for a timespan of several minutes ([Movie S2](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00050/suppl_file/oc0c00050_si_002.avi)). Interestingly, cellulosome binding at the top surface of the nanocrystals involved distinctly shorter cycles of adsorption/desorption (time range: ≤ 7.5 min) than binding at crystal tips or defect sites. There, the cellulosomes were bound typically for 10--20 min or even longer. [Movie S1](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00050/suppl_file/oc0c00050_si_001.avi) (time range 0--5 min) shows a cellulosome located on a nanocrystal's top surface. [Movie S2](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00050/suppl_file/oc0c00050_si_002.avi) shows a cellulosome bound to a crystal tip. Dynamic features of cellulosome binding to cellulose are thus distinguished clearly from those of the cellobiohydrolase *Tr*Cel7A. Determined under identical conditions as used here except for a temperature of 25 °C, the average residence time of mobile *Tr*Cel7A enzymes on the nanocrystals' side walls is just 30 s or smaller.^[@ref29]^ The inherent multivalency of cellulose binding by the cellulosome, resulting from multiple protein modules interacting with the substrate surface simultaneously ([Figures [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} and [3](#fig3){ref-type="fig"}), is expected to promote an enhanced residence time on the cellulose nanocrystals. Our direct measurements at single-molecule resolution thus support previous ideas^[@ref43],[@ref44]^ of a lower dissociation rate of the cellulose-bound cellulosome as compared with cellulose-bound cellulases of the noncomplexed type. We note that anchorage in the bacterial cell wall is likely to pose additional restrictions on the dynamic interaction of the cellulosome with the cellulose surface. However, we suggest that the fundamental characteristics of substrate binding revealed here are relevant for cell-associated and nonassociated cellulosome systems^[@ref45]^ alike.

![Visualization with ultrastructural resolution of the conformational flexibility of individual cellulosomes degrading cellulose nanocrystals. (A) Time-lapse AFM observation of a single cellulosome (outlined in blue) with varying shape and reorganized ultrastructure (indicated by arrows) adsorbed to a cellulose nanocrystal. Image acquisition rate was 0.5 min^--1^, and images were taken from [Movie S2](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00050/suppl_file/oc0c00050_si_002.avi). (B) Time-lapse AFM observation of a single cellulosome (outlined with colors) with partly resolved ultrastructure (indicated by arrows) adsorbing to a cellulose nanocrystal and subsequently varying its shape. Internal features are indicated by arrows. An overlay of the conformations assumed over the depicted time course is shown in the lower right panel. Image acquisition rate was 2.0 min^--1^, and images were taken from [Movie S1](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00050/suppl_file/oc0c00050_si_001.avi). All AFM experiments were conducted at 50 °C with a resolution of either 3 (A) or 2 (B) nm/pix, respectively. Scale bars are 50 nm.](oc0c00050_0003){#fig3}

Conformational Adaptability of the Cellulosome on the Cellulose Surface {#sec2.4}
-----------------------------------------------------------------------

Evidence that noncomplexed cellulases stay substantially shorter on the cellulose surface than cellulosomal complexes do suggest fundamental differences in strategy employed by the two enzyme systems to maintain biochemical synergy between their respective catalytic functionalities during the degradative process. Proximity ensures continued synergistic catalysis by the enzymes within cellulosomal complexes. To achieve the same effect, single enzymes have to rely on enhanced dynamics of their turnover on the cellulose surface. However, despite being immobile as a whole, the individual cellulosomes monitored over time exhibit a large degree of flexibility/adaptability in their ultrastructure, as exemplarily shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} and more completely visualized in [Movie S1](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00050/suppl_file/oc0c00050_si_001.avi). The temporal resolution (∼2 frames/min) of our time-lapse analysis was well suited to monitor such major, slow conformational/ultrastructural rearrangements during the prolonged residence time (≥10 min) of individual cellulosomes on essentially the same position on the cellulose surface. The notion is further supported by evidence that some cellulosomes remain at the adsorbed position for minutes without major rearrangement of their ultrastructure (compare the more flexible cellulosomes from [Movie S1](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00050/suppl_file/oc0c00050_si_001.avi) with the more rigid cellulosome in [Movie S2](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00050/suppl_file/oc0c00050_si_002.avi)). We wish to be clear in that monitoring of the fast internal dynamics^[@ref15]^ of the cellulosome (ultra)structure was not a goal of the current study. In terms of spatial resolution, we were able to identify individual subunits as spherical particles with a diameter of about 10--20 nm ([Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00050/suppl_file/oc0c00050_si_004.pdf)). Based on tip-deconvolution calculations and assuming similar heights for the individual subunits, our experimental setup (∼5 nm AFM tip) was fully apt in principle to distinguish between different subunits. Collectively, therefore, these results suggest that, through fine-tuning of their mode of cellulose binding via temporal rearrangement of ultrastructure ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}A), the cellulosomes might be able to effectively perpetuate catalytic synergy, via optimal juxtaposition of their enzymatic subunits and continuous repositioning as a whole ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}B). Thus, deconstruction of the substrate surface could proceed efficiently.

Deconstruction of Cellulose Nanocrystals by the Cellulosome {#sec2.5}
-----------------------------------------------------------

Besides tracking the individual cellulosomes on cellulose, we were also able to capture the characteristic details of their activity in solid substrate deconstruction. Using time-lapse AFM image acquisition ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}A,B; [Movie S3](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00050/suppl_file/oc0c00050_si_003.avi)), we reveal cellulosomes attacking cellulose nanocrystals at their ends. The crystals' originally plain ends become characteristically beveled in the degradative process ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}A, [Movie S3](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00050/suppl_file/oc0c00050_si_003.avi)). Continued removal of material results in shortening of the crystals. Small nanocrystals of length (≤ ∼ 70 nm) approximately that of the elongated cellulosome are thus degraded almost completely in the timespan analyzed (∼70--120 min; [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}A, smaller crystal; [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}B). Although the removal of cellulosic material is clearly visible, the removed volume of cellulosic material cannot be assessed quantitatively. This precludes determination of a specific activity of the enzyme directly from the AFM data.

![Mode of action of the cellulosome in deconstructing cellulose nanocrystals. (A, B) Snapshots from time-lapse AFM observation over 80 min of the cellulosomes degrading different cellulose nanocrystals at 50 °C. Exemplary cellulosomes associated with the cellulose nanocrystals are highlighted in green. The initial crystal perimeters are outlined in cyan projected onto the last image of the corresponding image sequence. Image acquisition rate was 0.5 min^--1^, and a further degradation sequence employing a similar color pattern is provided in [Movie S3](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00050/suppl_file/oc0c00050_si_003.avi). (C) Length distribution of ∼250 cellulose nanocrystals before (blue) and after (green) 30 h of incubation with the cellulosomes. (D) Typical longitudinal degradation profiles of cellulose nanocrystals after 30 h of degradation by the cellulosome at 50 °C. Profiles were collected along the arrows before (blue) and after cellulosome activity (pink). (E) Visualization of typical attack patterns observed after cellulosome activity on internal sides on cellulose nanocrystals. (F) Schematic of the mechanisms by which a processive cellulase (cellobiohydrolase) of the noncomplexed type such as *Tr*Cel7A (left) ablates and cellulosomes (right) deconstruct a cellulose nanocrystal, respectively. On highly crystalline cellulose such as the cellulose nanocrystals used here, the activity of noncomplexed cellulases is largely dominated by the activity of the processive cellobiohydrolase. For simplicity, therefore, the noncomplexed cellulases are represented schematically by this single enzyme. A completely uniform false color scale (shown in panel A) was used throughout each image sequence (panel A, 3 to 13 nm; panel B, 3 to 16 nm; panel D, (i) 5 to 18 nm, (ii) 1 to 14 nm and (iii) 1 to 15 nm; panel E from left to right, 3 to 15 nm, 5 to 15 nm and 2 to 10 nm). Scale bars are 50 nm.](oc0c00050_0004){#fig4}

Examining the same population of nanocrystals on prestructured wafers in a quantitative length-distribution analysis before and after 30 h of incubation in the presence of the cellulosomes, we show that the cellulosomes degrade the nanocrystals characteristically through the formation of shorter fragments. A fraction of the nanocrystals is eventually removed, which is shown by a ∼15% decrease in the overall nanocrystal count after incubation. Note: we restricted our length analysis to nanocrystals of an aspect ratio of 5:1 or higher. Thus, we ensured that only single nanocrystals were analyzed and bias due to nanocrystal aggregates was avoided. As shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}C, the analyzed population of cellulose nanocrystals features a right-skewed log-normal distribution with a mean crystal length of about 82 nm. After incubation, the mean crystal length is reduced to about 76 nm, and interestingly, we observed an increased abundance of intermediate-sized cellulose nanocrystals (∼70--80 nm). Notably, the postdegradation distribution is thinner, and the initial right-skew is significantly reduced because of a particular decrease in abundance of the large (≥200 nm) cellulose nanocrystals. Deconstruction of the cellulose nanocrystals both from the ends and through fissions within would explain the observed change in nanocrystal length distribution. Detailed analysis of the degradation of selected single nanocrystals, as exemplarily shown [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}D,E, provides clear direct evidence in support of this 2-fold mode of attack of the cellulosome.

As depicted in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}D, besides degradation to form beveled ends in larger crystals (≥150 nm) as depicted in (i) and degradation across the whole crystal length in smaller crystals (ii), we also observe the cellulosome to cut nanocrystals internally, so that two shorter fragments are produced eventually (iii). The internal fissions are typically found at defect sites in the crystal surface, as seen in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}D (iii), that were noted above to serve as prominent binding sites for the cellulosome. Removal of surface material accessible to the locally bound cellulosome results in the formation of a constricted segment with shallow hole in the crystal surface, as shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}E (indicated by arrows). Continued attack in this region leads to localized thinning of the crystal width. This progresses until the crystal is eventually cut through. The distinct length-shortening mode of nanocrystals degradation revealed in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}C thus arises from cellulosome attacks both at the crystals' ends and in their middle.

Experiments with noncomplexed cellulases (from the fungus *Trichoderma reesei*) serve to emphasize the unique mode of action of the cellulosomes in cellulose nanocrystal degradation. The cellulases degrade the nanocrystals by ablating surface material equally in the whole lateral dimension ([Figure S4A,B](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00050/suppl_file/oc0c00050_si_004.pdf)). Analyzing a population of about 200 single nanocrystals ([Figure S4C](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00050/suppl_file/oc0c00050_si_004.pdf)), we observe a right-skewed log-norm distribution with a mean crystal length of about 83 nm. Activity of the cellulases results in a decrease in the mean length to about 77 nm. However, contrary to observations made with the cellulosomes ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}C), the distribution from cellulase activity becomes broader and does not accumulate intermediately sized nanocrystals ([Figure S4C](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00050/suppl_file/oc0c00050_si_004.pdf)). Instead, the distribution broadening involves a relative increase in short (≤70 nm) and long (≥200 nm) nanocrystals. Therefore, noncomplexed cellulases are not particularly efficient in shortening cellulose nanocrystals, and their mode of nanocrystal deconstruction differs fundamentally from that of the cellulosome. Careful evaluation of cellulose nanocrystals incubated in the absence of cellulolytic enzymes showed no structural changes.

Generally, the cellulases lack the distinct, vertically directed activity of cellulose surface deconstruction that we show in this study to be a highly characteristic feature of the cellulosome. Thus, unlike the cellulosome ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}C), the cellulases are not effective in degrading the cellulose nanocrystals by internal cleavages or cleavages from the ends ([Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00050/suppl_file/oc0c00050_si_004.pdf)). The proposed distinct modes of action of the two cellulolytic systems on cellulose nanocrystals are depicted schematically in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}F. Note: although noncomplexed cellulases involve multiple cellulose-degrading activities working in synergy, their highly typical, ablative mode of removal of surface material in crystalline cellulose ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}F) is governed by the action of the main cellobiohydrolase, which in *T. reesei* cellulases is Cel7A. We show that *Tr*Cel7A is also the dominant activity for the degradation of cellulose nanocrystals by the cellulases. Isolated *Tr*Cel7A is similarly efficient as the complete cellulase mixture in releasing soluble sugars from the cellulose nanocrystals ([Figure S5A](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00050/suppl_file/oc0c00050_si_004.pdf)).

AFM data-based comparison of the cellulosome and the cellulases as regards their relative efficiency of cellulose nanocrystal degradation reveals that the cellulosome is particularly active on the smallest cellulose nanocrystals present (length ≤ ∼ 70 nm). Contrarily, such small nanocrystals are hardly attacked by the cellulases. Both enzyme systems show similar overall activity on the nanocrystals used, resulting in removal of ∼30% of original cellulosic material in the crystals remaining in the analyzed surface area of the wafer. Using cellulose nanocrystals in liquid suspension, we find that both enzyme systems are active toward releasing soluble sugars ([Figure S5B](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00050/suppl_file/oc0c00050_si_004.pdf)), with the cellulases being about 3-fold more efficient, in terms of conversion and specific activity, than the cellulosome at equivalent protein loading. However, cellulose nanocrystals show a pronounced tendency to form aggregates in suspension.^[@ref46]^ The decrease in enzyme-accessible cellulose surface area due to nanocrystal aggregation is expected to increase dependent on the enzyme size. Thus, potential bias against the relatively large cellulosome is introduced when the enzyme activity is evaluated from reaction in suspension. Therefore, this emphasizes the importance of studying the deconstruction activity of the cellulosome on single cellulose crystals.

Conclusions {#sec3}
===========

A long elusive paradigm of deconstruction of crystalline cellulose by cellulosome nanomachines now unfolds. We show that dynamic adaptation of quaternary protein structure to different substrate nanoscale morphologies, present originally in the cellulose and evolving locally during its degradation, is fundamental to the cellulosome's mechanism of action. By combining complementary cellulase modules on a flexible scaffold protein, the cellulosomes avoid the difficult task of orchestrating the exchange of noncomplexed cellulase modules on the cellulose surface. In conditions of enzyme limiting the cellulose degradation, as is likely the case when naturally predigested or suitably pretreated cellulosic materials are the substrates, complexed enzymes therefore offer a distinct advantage. Our analysis of single *C. thermocellum* cellulosomes degrading individual cellulose nanocrystals reveals intrinsic characteristics of the deconstruction process. A reductionist approach regarding the morphology of the cellulose substrate used (single cellulose nanocrystals compared to larger cellulose particles) is essential for the mechanistic study. However, it must necessarily exclude the influence of more complex substrate morphologies that are additionally very important in the bioconversion of technologically relevant (ligno)cellulose materials. The surface ablation mechanism utilized by noncomplexed cellulases contrasts with the distinct, microfibril cutting and shortening mechanism utilized by the cellulosomes ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}F). Synergy between these basic degradation mechanisms might be exploited in the design of hybrid cellulase systems that combine free and complexed enzymes in a highly effective hydrolysis cocktail for cellulose bioconversion and for upcoming lignocellulose biorefinery applications.

Methods {#sec4}
=======

Detailed description of the materials and methods involved in the preparation and analysis of cellulose nanocrystals, AFM sample preparation, cellulosome production/purification, and enzymatic hydrolysis are provided in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00050/suppl_file/oc0c00050_si_004.pdf). Full details of the procedures of AFM measurement and of the AFM data analysis are provided. Results of time-lapse AFM studies are shown in [Movies S1--S3](#notes-2){ref-type="notes"}, and additional results are provided in [Figures S1--S8](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00050/suppl_file/oc0c00050_si_004.pdf).

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acscentsci.0c00050](https://pubs.acs.org/doi/10.1021/acscentsci.0c00050?goto=supporting-info).Movie S1: time lapse measurement, tracking individual cellulosomes bound on a cellulose nanocrystal ([AVI](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00050/suppl_file/oc0c00050_si_001.avi))Movie S2: shows a cellulosome bound to a crystal tip ([AVI](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00050/suppl_file/oc0c00050_si_002.avi))Movie S3: cellulosomes attacking and partiallys degrading a cellulose nanocrystal ([AVI](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00050/suppl_file/oc0c00050_si_003.avi))Detailed description of the materials and methods involved in the preparation and analysis of cellulose nanocrystals, AFM sample preparation, cellulosome production/purification, and enzymatic hydrolysis ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00050/suppl_file/oc0c00050_si_004.pdf))
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